Introduction
============

Several important genes involved in inflammation and tissue remodeling are switched on by virtue of cAMP response elements (CRE)[^2^](#FN3){ref-type="fn"} in their promoters. The upstream signaling mechanisms with which inflammatory mediators, via GPCRs, activate CREs are poorly understood. Our main aim therefore was to characterize the upstream signaling mechanisms that activate the CREs and switch on angiogenic, inflammatory, and remodeling genes. We used endothelin in our studies because in a preliminary screen of inflammatory mediators it was the most potent activator of a CRE reporter construct. Endothelins are primarily expressed by vascular endothelial cells ([@B1]) but are also produced by vascular smooth muscle cells ([@B2]), monocyte/macrophages ([@B3]), cardiomyocytes ([@B4]), and alveolar epithelial cells ([@B5]). ET-1 is released in response to hypoxia ([@B6]), decreased vascular shear stress ([@B7]), and inflammation ([@B8], [@B9]). The endothelins act as agonists for two GPCRs, ET~a~ and ET~b~, by coupling to either Gα~q~ or guanosine triphosphate-hydrolase-α~s~ (Gα~s)~ and their downstream effectors (intracellular calcium or cAMP, respectively) leading to the phosphorylation of the CREB and its increased activity at the CRE of numerous gene promoters. Despite the fact that vascular remodeling genes possess CREs and previous studies have established that ET-1 activates CREB ([@B10]), there is little information detailing ET-1-dependent signal transduction mechanisms that lead to remodeling gene expression. Here we characterized the mechanisms ET-1 uses to regulate CRE-dependent genes in pulmonary vascular smooth muscle cells. These studies revealed activation pathways involving a COX-2/prostacyclin/IP receptor autocrine loop linking calcium dependent and cAMP pathways.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Cell Culture

Human proximal pulmonary artery smooth muscle cells (HPASMC) were purchased from Clonetics (Lonza Biologics Plc., Slough, Berkshire, UK) at passage 3 and grown to passage 6 in complete smooth muscle basal medium from TCS Cellworks (Buckingham, UK).

#### Materials

Dulbecco\'s modified Eagle\'s medium, prostaglandin E~2~ (PGE~2~), NS398, and indomethacin were obtained from Sigma. Smooth muscle basal medium was purchased from TCS Cell Works (Buckingham, UK). Human endothelin-1, isobutylmethylxanthine, calcium-dependent phospholipase A~2~ inhibitor (cPLA2-I), AH6809, L161982, BQ123, BQ788, and RO-201724 were purchased from Calbiochem/Merck Chemical Ltd. (Nottingham, UK). Glutamax and Lipofectamine 2000 where purchased from Invitrogen. \[5,6,8,9,11,12,14,15-^3^H\]Arachidonic acid was purchased from GE Healthcare. Biotin-UTP was purchased from Roche Applied Sciences. Anti-ET~a~ (SC-33535) and anti-ET~b~ (SC-33537) antibodies were purchased from Santa Cruz Biotechnology (Santa-Cruz, CA). Anti-COX-2 and anti-COX-1 antibodies were purchased from Cayman Chemicals Ltd. (MI). Anti-glyceraldehyde-3-phosphate dehydrogenase antibodies (P04406) were purchased from AbD Serotec (Kidlington, UK). Bosentan was a kind gift from Actelion Pharmaceuticals, iloprost a kind gift from Bayer Schering Pharmaceuticals, UK, and RO3244794 a kind gift from Roche Applied Science ([see supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.139485/DC1)).

#### 6xCRE-Luciferase Reporter Gene Assay

HPASMC were cultured to 90% confluence in 24-well plates, growth arrested for 24 h, and transfected with 1 × 10 μg of 6xCRE-luciferase plasmid ([@B11]), 8 ng of pRLSV40 and 3 μl of Lipofectamine 2000 for 2 h. Transfected cells were washed once with serum-free medium and stimulated with ET-1 (1 × 10^−7^ [m]{.smallcaps}) for up to 8 h. Stimulated cells were washed once with phosphate-buffered saline and lysed with Passive Lysis Buffer (Promega, UK). Lysates were assayed for firefly luciferase and control *Renilla* luciferase activity with the Dual Luciferase Assay Kit (Promega) in a Berthold MicroLumat Plus LB96V Luminometer (Jencons, UK). The 6xCRE-luciferase construct was a kind gift from Steve Rees, GSK, United Kingdom.

#### Cyclic AMP Assay

Cellular cyclic AMP levels were measured as previously described ([@B12]).

#### \[^3^H\]Arachidonic Acid Release Assay

HPASMC \[^3^H\]arachidonic acid release assays were performed as previously published ([@B12]).

#### Intracellular Calcium Mobilization

Intracellular calcium mobilization was measured as previously published ([@B13]) with the exception of a lack of probenecid preincubation prior to agonist addition.

#### PGE~2~ and 6-Keto-PGF-1α Assays

Culture supernatants were analyzed for secreted PGE~2~ or the oxidation product of PGI~2~, 6-keto-PGF1α, with a PGE~2~ EIA kit (Cayman Chemicals) or 6-keto-PGF1α EIA kit (Cayman Chemicals) according to the manufacturer\'s protocols.

#### Western Blot Analysis

Western blot analysis of COX-1, COX-2, ET~a~, ET~b~, and glyceraldehyde-3-phosphate dehydrogenase proteins were performed as detailed previously ([@B14]).

#### RNA Isolation and Reverse Transcriptase-Quantitative PCR (QPC)

Total RNA was extracted from HPASMC with the RNeasy-Plus mini-kit (Qiagen) according to the manufacturer\'s instructions. First strand cDNA was synthesized from 1 μg of total RNA with Superscript III reverse transcriptase according to the manufacturer\'s instructions (Invitrogen). Quantitative real time PCR was performed with the following primers sets: *Amphiregulin*, sense, GGGAAAAGTCCATGAAAACTCACAGC, antisense, GCATGTACATTTCCATTCTCTTG; Epiregulin, sense, GCACAGCTTTAGTTCAGACAG, antisense, CGGTCAAAGCCACATATTCTTTGC; *HB-EGF*, sense, CGGAAAGTTCCGTGACTTGCAAGAG, antisense, CCTCTCTCCATGGTAACCCGGCTG; transforming growth factor α, sense, CCAGATCCCACACTCAGTTCTGC, antisense, GGACCTGGCAGCAGTGTATCAGC; Betacellulin, sense, GGCATCTCCCTTTGATGCAGTAATGC, antisense, GGCATCTCCCTTTGATGCAGTAATGC; *EGF*, sense, GGAAGCAATTCTCTTATTTGCTCC, antisense, GCACTACTTTCAGTTCACCAAGTGG. ETa, sense, GGATCCTGTCCTTTATCCTGGCCATTC, antisense, GCCATTCCTTCTGTTCAACATCTCACAAAG; ETb sense, GCTTCCCGCCTGACAGGG, antisense, CCTTGATCTCGATGGGTCCTTGGCOX-1, sense, GCCACCTTCATCCGAGAGATGCTCATG, antisense, GGGCATCTGGCAACTGCTTCTTCCCOX-2, sense, GGAACACAACAGAGTATGCG, antisense, AAGGGGATGCCACTGATAGA; Follistatin sense, GCTGTGCCCTGACAGTAAGTC, antisense, CCACTCTAGAATAGAAGATATA; *CYR61*, sense, CGTTCTTGGAAAATGTCTCCC, antisense, GCGGCCTTGTGGACAGCCAGTGTAC; Inhibin-β-A sense, GGACAGTGAGGACCCGGACGTGCC, antisense, CGCACAGACCTTTCCTCATGCT; β2-Microglobulin, sense, GCCTGGAGGCTATCCAG, antisense, CCAGTCCTTGCTGAAAGACAAG. PCR conditions were as follows, 1 μl of 1st strand cDNA, 1:40,000 SYBR Green (Bigene, Cambridge, UK), 1× Excite Real Time master mix (Biogene, Cambridge, UK), 2 × 10^−8^ [m]{.smallcaps} sense and antisense oligonucleotide primer pairs in a 20-μl final volume. Quantitative real time PCR was performed in a Stratagene Mx3000P® real time PCR thermocycler with 1 cycle of 95 °C for 10 min, 40 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, with fluorescence integration for product quantitation during the 55 °C annealing segment. All gene-specific quantification was calculated as Δ*C~t~* (target *C~t~* − housekeeping *C~t~*) relative to control or untreated cell experiment control to give a final Δ*C~t~* (*test*)/Δ*C~t~* (*basal*). All *C~t~* calculations were performed by Stratagene, MxPro 3.2.

#### "Human cAMP/Ca^2+^ Pathway Finder Gene Array" Screening

HPASMC were grown to confluence in 6 separate 75-cm^2^ tissue culture flasks, serum starved in Dulbecco\'s modified Eagle\'s medium/Glutamax for 24 h then treated with ET-1 (1 × 10^−7^ [m]{.smallcaps}) for 4 h (3 flasks) or vehicle control for 4 h (3 flasks). Total RNA for each flask was isolated according to the manufacturer\'s instructions for the RNeasy plus kit (Qiagen Ltd., Crawley, UK). Biotin-labeled 1st strand cDNA probe sets (from control and test RNA populations) were synthesized from total RNA using the GE Array® Q kit from SuperArray (Tebu-Bio, Peterborough. UK). Briefly 1 μg of total RNA was annealed to the Human cAMP/Ca^2+^ PathwayFinder (P) primer set followed by 1st strand cDNA synthesis with the GE-Array Q synthesis kit. 1st strand cDNA, then linear PCR amplified in the presence of biotin-16-UTP (Roche) using the AmpoLabeling-Linear PCR probe synthesis kit (SuperArray, Tebu-Bio, Peterborough. UK). 2 Human cAMP/Ca^2+^ Pathway Finder arrays were screened using the probes from control and ET-1-treated HPAMC as per the manufacturer\'s protocol, developed with a chemiluminescent detection kit (SuperArray, Tebu-Bio, Peterborough, UK), and exposed to Hyperfilm x-ray film (GE Healthcare). Array results were analyzed with the GE Array Expression Analysis Suite. Positive results were set at 2-fold greater than control for each array.

#### Enzyme-linked Immunosorbent Assay (ELISA)

ELISA for amphiregulin (R&D Systems, Abingdon, UK) was performed according to the manufacturer\'s protocol. All assay points were performed in triplicate on 24-well plates in a final volume of 500 μl.

#### siRNA Validation of COX-2 and IP Receptor Inhibition

HPASMC in 24-well plates were transfected with 10 n[m]{.smallcaps} COX-2 siRNA (Qiagen, Hs_PTGS2--1HP), 10 n[m]{.smallcaps} IP receptor siRNA (Hs_PTGIR_1HP), or 10 n[m]{.smallcaps} negative control siRNA (AllStars Negative control, Qiagen, Hilden, Germany) with 6.6 μl of HiPerFect (Qiagen, Hilden, Germany) for 72 h. After serum starvation for 24 h and ET-1 addition for 2 h, total RNA extraction and reverse transcriptase Q-PCR was performed as above. *PTGIR* gene-specific primer sequences were: *PTGIR* sense, GGTGACCGGACTGGCGGCC, and *PTGIR* antisense, GGCTCAGCGCCAGGCAGCGCTC.

#### Data Analysis

Statistical analysis of test (induced) and test + inhibitor or test + antagonist were subjected to a paired *t* test using GraphPad Prism (GraphPad, San Diego, CA). *p* values were scored as significant for 0.01 to 0.05 (\*), 0.001 to 0.01 (\*\*), and \<0.001 (\*\*\*).

RESULTS
=======

Endothelin-1 Induces Arachidonic Acid Release, COX-2 Expression, COX-2-dependent PGI~2~, and PGE~2~ Secretion by Pulmonary Artery Smooth Muscle Cells
-----------------------------------------------------------------------------------------------------------------------------------------------------

### 

#### HPAMSC ET~a~ Receptors Are Coupled to cAMP Synthesis

ET~a~ and ET~b~ receptor mRNA and proteins were analyzed by Q-PCR and Western blot. HPASMC express proportionally more ET~a~ mRNA ([Fig. 1](#F1){ref-type="fig"}*A*) and protein, in membrane preparations, than the ET~b~ receptor ([Fig. 1](#F1){ref-type="fig"}*B*). ET-1 (3 × 10^−10^ to 1 × 10^−6^ [m]{.smallcaps}) stimulated intracellular cAMP synthesis ([Fig. 1](#F1){ref-type="fig"}*C*). Although the ET~a~ receptor expressed in smooth muscle is generally observed to be Gα~q~ coupled to changes in \[Ca^2+^\]*~i~* and intracellular diacylglycerol ([@B15], [@B16]), we found that pre-treatment of HPASMC with the ET~a~ receptor antagonist BQ123 ([@B17]) or the dual specific ET~a~/ET~b~ antagonist Bosentan ([@B18]) ([Fig. 1](#F1){ref-type="fig"}*D*) was more effective at inhibiting ET-1-induced cAMP synthesis than the ET~b~ selective antagonist BQ788 ([@B19]) implying that ET-1-stimulated cAMP synthesis is mainly via the ET~a~ receptor.

![**HPASMC expresses both ET~a~ and ET~b~ receptors.** *A*, Q-PCR of 10 ng of 1st strand cDNA from HPASMC probed for the ET~a~ receptor and ET~b~ receptors with comparative *C~t~* (Δ*C~t~*) to the β~2~-microglobulin gene. *B*, Western blot analysis of 20 μg of total cellular extracts (*T*) and membrane extracts (*M*) from HPASMC probed with rabbit anti-ET~a~ and rabbit anti-ET~b~ antibodies. ET-1 causes a concentration-dependent increase in the synthesis of cAMP that is more effectively antagonized by the ET~a~-specific antagonist BQ123 and the dual specific ET~a~/ET~b~ antagonist bosentan. *C*, a concentration range of ET-1 induces cAMP synthesis in HPASMC. *D*, HPASMC were treated with a concentration curve of ET~a~ antagonist (BQ123) (▾), ETb antagonist (BQ788) (▴), and dual specificity ET~a~/ET~b~ antagonist (bosentan) (■) for 30 min prior to the 20-min stimulation of cAMP synthesis by ET-1 at 1 × 10^−7^ [m]{.smallcaps}. All measurements represent the mean ± standard error of three independent experiments.](zbc0311023520001){#F1}

#### COX-2-derived Prostanoids Are Responsible for ET-1-induced cAMP Synthesis

Pre-treatment of HPASMC with the COX-2 selective inhibitor NS398 (1 × 10^−6^ [m]{.smallcaps}) ([@B20]) or the non-selective COX1/2 inhibitor, indomethacin (1 × 10^−6^ [m]{.smallcaps}), eliminated ET-1 induction of cAMP synthesis, implying that autocrine COX-2-derived prostanoids were responsible for coupling ET-1/ET~a~ to cAMP synthesis ([Fig. 2](#F2){ref-type="fig"}*A*). Consistent with this, exogenously applied PGE~2~ (1 × 10^−6^ [m]{.smallcaps}) or PGI~2~ (1 × 10^−6^ [m]{.smallcaps}) stimulated cAMP synthesis. As would be expected indomethacin had no effect on PGI~2~/PGE~2~-induced cAMP synthesis ([Fig. 2](#F2){ref-type="fig"}*A*).

![**ET-1 stimulated cellular cAMP synthesis is inhibited by both COX-1/2 and COX-2 selective inhibitors.** PGE~2~ or iloprost stimulation of cAMP synthesis is not inhibited by either COX-1/2 or COX-2 inhibitors. *A*, HPASMC cells were treated with indomethacin (1 × 10^−6^ [m]{.smallcaps}) or NS398 (1 × 10^−6^ [m]{.smallcaps}) for 30 min prior to induction with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 20 min, treated cells were then assayed for cAMP. ET-1 stimulates COX-2 mRNA synthesis and COX-2 protein synthesis with peak mRNA at 2 h and peak total protein at 4 h post ET-1 addition. *B*, HPASMC were treated with a time course of ET-1 (1 × 10^−8^ [m]{.smallcaps}) for up to 24 h, 1st strand cDNA from total RNA extracts were analyzed by quantitative real time PCR for COX-1 (■) and COX-2 (▴) with reference to the β~2~-microglobulin gene product. ET-1 stimulates COX-2 protein synthesis in HPASMC. *C*, HPASMC were treated with ET-1 at 1 × 10^−8^ [m]{.smallcaps} for up to 24 h, total protein extracts were resolved by SDS-PAGE and the resulting Western blot probed with mouse anti-human-COX-1 or mouse anti-human-COX-2 antibodies. Control blots with identical protein samples were probed with the mouse anti-glyceraldehyde-3-phosphate dehydrogenase antibody. ET-1-stimulated cAMP synthesis is dependent upon cPLA2 activity. PGE~2~- and iloprost-stimulated cAMP synthesis is not cPLA2 dependent. *D*, HPASMC was incubated with cPLA2 inhibitor (1 × 10^−7^ [m]{.smallcaps}) for 30 min prior to incubation with ET-1 (1 × 10^−8^ [m]{.smallcaps}), PGE~2~ (1 × 10^−6^ [m]{.smallcaps}), or iloprost (1 × 10^−8^ [m]{.smallcaps}) for 20 min. ET-1-stimulated HPASMC were assayed for cAMP. ET-1 stimulates arachidonic acid release from HPASMC. *E*, HPAMSC incubated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) (■) or a vehicle control (▴) for a time course of 30 min were assayed for \[^3^H\]arachidonic acid release. ET-1 stimulated \[^3^H\]arachidonic acid release is inhibited by the Calbiochem cPLA2 inhibitor (*cPLA2-I*) and the ET~a~ antagonist BQ123. *F*, HPASMC incubated with cPLA2-I (1 × 10^−7^ [m]{.smallcaps}), BQ123 (1 × 10^−6^ [m]{.smallcaps}), or BQ788 (1 × 10^−6^ [m]{.smallcaps}) for 30 min were then induced for 20 min with ET-1 (1 × 10^−8^ [m]{.smallcaps}), prior to a \[^3^H\]arachidonic acid release assay. All measurements represent the mean ± standard error of three independent experiments. Western blots are representative of three independent experiments.](zbc0311023520002){#F2}

#### ET-1 Increases COX-2 and COX-1 Expression

ET-1 (1 × 10^−8^ [m]{.smallcaps}) rapidly induced COX-2 mRNA and COX-2 protein accumulation in HPASMC, with peak mRNA at 2 h and peak protein accumulation at 4 h ([Fig. 2](#F2){ref-type="fig"}*C*). ET-1 addition to HPASMC also causes a slower but more sustained increase in COX-1 mRNA and protein within the 24-h time course.

#### ET-1 Stimulates Arachidonic Acid Release, the Control Point for COX-2-dependent Induction of cAMP Synthesis

ET-1 (1 × 10^−8^ [m]{.smallcaps}) rapidly increased cellular arachidonic acid release ([Fig. 2](#F2){ref-type="fig"}*E*). A selective cPLA2 inhibitor (*N*-{(2*S*,4*R*)-4-(biphenyl-2-yl-methylisobutyl-amino)-1-\[2-(2,4-difluorobenzoyl)-benzoyl\]-pyrrolidin-2-yl-methyl}-3-\[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-phenyl\]acrylamide, HCl) (1 × 10^−7^ [m]{.smallcaps}) ([@B21]) prevented cAMP synthesis in response to ET-1 ([Fig. 2](#F2){ref-type="fig"}*D*) and ET-1 increased HPASMC arachidonic acid release ([Fig. 2](#F2){ref-type="fig"}*F*). Pre-treatment with the ET~a~ antagonist BQ123 (1 × 10^−6^ [m]{.smallcaps}) blocked the ET-1-induced arachidonic acid release with the ET~b~ antagonist BQ788 (1 × 10^−6^ [m]{.smallcaps}) having little effect, suggesting that ET-1-induced arachidonic acid release, like cAMP generation is ET~a~ coupled in HPASMC.

#### PGI~2~ Is the Dominant COX-derived Prostanoid Produced by HPASMC

ET-1 increased release of PGI~2~ and PGE~2~ ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*) with up to 10-fold more PGI~2~ (a maximal 2 × 10^−8^ μg ml^−1^) released than PGE~2~ (a maximal 2 × 10^−^ μg ml^−1^) (assays were conducted on the same samples). Furthermore, ET-1 induced PGI~2~ release was inhibited by NS398 confirming that PGI~2~ synthesis is COX-2 dependent ([Fig. 3](#F3){ref-type="fig"}*C*). Inhibition of cPLA2 activity prior to ET-1 stimulation also completely inhibited PGI~2~ synthesis ([Fig. 3](#F3){ref-type="fig"}*C*).

![**ET-1 stimulates an increase in PGI~2~ and PGE~2~ secretion from HPASMC.** HPAMSC were serum starved for 24 h then treated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for up to 24 h. Culture supernatants were analyzed for 6-keto-PGF1-α (*A*) and PGE~2~ (*B*) by ELISA. ET-1-stimulated PGI~2~ synthesis is COX-2 and cPLA2 dependent. HPASMC were serum starved for 24 h, then treated with NS398 (1 × 10^−6^ [m]{.smallcaps}) or cPLA2-I (1 × 10^−7^ [m]{.smallcaps}) for 30 min prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for either 1 (*closed bars*) or 8 h (*open bars*), cell culture supernatants were then assayed for 6-keto-PGF1-α by ELISA (*C*). ET-1-stimulated HPASMC cAMP synthesis is antagonized by the IP receptor antagonist RO3244794. HPASMC were incubated with a concentration range of RO3244794 (■), AH6809 (▴), or L161982 (▾) for 30 min prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 20 min followed by an assay for cellular cAMP (*D*). All measurements represent the mean ± standard error of three independent experiments.](zbc0311023520003){#F3}

#### IP Receptor Antagonism Blocks ET-1-induced cAMP Synthesis

We next determined which prostanoid receptor was involved in coupling endogenous prostanoid released by ET-1 to cAMP using concentration ranges (1 × 10^−14^ to 1 × 10^−5^ [m]{.smallcaps}) of the IP receptor antagonist RO3244794 ([@B22]), the EP~1~/EP~2~/EP~3~ receptor antagonist AH6809 ([@B23]), or the EP~4~ antagonist L161982 ([@B24]). Antagonist-treated HPASMC were stimulated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 20 min and assayed for cellular cAMP. RO3244794 was the most effective antagonist of ET-1-induced cAMP synthesis with an IC~50~ of 1.87 × 10^−9^ [m]{.smallcaps} (AH6809 has no antagonistic effect and L161982 has an IC~50~ of 3.81 × 10^−5^ [m]{.smallcaps}). This suggests that ET-1-derived PGI~2~ is acting at the IP receptor to increase cAMP levels ([Fig. 3](#F3){ref-type="fig"}*D*).

#### ET-1-induced Changes in cAMP Cause CRE Activation

An increase in intracellular cAMP can stimulate transcription via PKA activation ([@B25]) or Raf/MEK/ERK/RSK-1 activation ([@B26]), phosphorylation of *CREB*, and binding of the CREs in numerous cellular promoters affecting many cellular processes ([@B27]). To determine whether ET-1-induced changes in cellular cAMP were sufficient to activate CRE-mediated transcription, we transiently transfected cells with a CRE reporter construct linked to firefly luciferase. We found that ET-1 increased 6xCRE-luciferase reporter activity and that exogenous PGE~2~ (EP receptor agonist, 1 × 10^−6^ [m]{.smallcaps}), iloprost (EP~1~ and IP receptor agonist, 1 × 10^−6^ [m]{.smallcaps}), and cicaprost (IP receptor agonist, 1 × 10^−6^ [m]{.smallcaps}) all increased CRE activation ([Fig. 4](#F4){ref-type="fig"}*A*). ET-1-induced CRE activation was dependent upon both cPLA2 and COX-2 activity ([Fig. 4](#F4){ref-type="fig"}*B*). However, COX-2 inhibition did not prevent PGE~2~ and the PGI~2~ analogues increasing CRE activity ([Fig. 4](#F4){ref-type="fig"}, *C--E*). ET-1 induced CRE activation was blocked by the IP receptor antagonist RO3244794 ([Fig. 4](#F4){ref-type="fig"}*F*) suggesting ET-1-induced CRE activation is via endogenous PGI~2~ secretion acting at the HPASMC IP receptor.

![**ET-1, PGE~2~, and iloprost can stimulate the 6xCRE-luciferase reporter gene.** *A*, HPASMC grown to 100% confluence and transfected with 0.8 μg of plasmid p6xCRE-LUC and 8 ng of pRL-SV40 after incubation with 2.4 μl of Lipofectamine 2000. Transfected HPASMC were stimulated with a time course of ET-1 (1 × 10^−7^ [m]{.smallcaps}) for up to 8 h. Firefly luciferase activities were normalized to *Renilla* luciferase activities from the same transfection replicate. COX1/2, COX-2, and cPLA2 inhibition will completely suppress all ET-1-induced 6xCRE-LUC activity in HPASMC (*B*), but COX1/2, COX-2, or cPLA2 inhibition will not suppress iloprost (*C*), cicaprost (*D*), or PGE~2~ (*E*) induced 6xCRE-LUC activity. HPASMC were transfected with 6xCRE-LUC as in *A* and treated with NS398 (1 × 10^−6^ [m]{.smallcaps}), indomethacin (1 × 10^−6^ [m]{.smallcaps}), and the cPLA2 inhibitor (1 × 10^−7^ [m]{.smallcaps}) for 30 min prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}), iloprost (1 × 10^−8^ [m]{.smallcaps}), cicaprost (1 × 10^−6^ [m]{.smallcaps}), or PGE~2~ (1 × 10^−6^ [m]{.smallcaps}) for 4 h. The IP receptor antagonist RO3244794 is a more effective inhibitor of ET-1-stimulated 6xCRE-luciferase activity in HPASMC than the EP~4~ selective antagonist L161982 and the EP~1~/EP~2~ antagonist AH6809. HPASMC were transfected with 6xCRE-LUC as for *A* and pre-treated with 1 × 10^−6^ [m]{.smallcaps} antagonist for 30 min prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 4 h (*F*). All measurements represent the mean ± standard error of three experiments.](zbc0311023520004){#F4}

Endothelin-1 Induces CRE-dependent Remodeling Gene Expression via a Direct Calcium-dependent Mechanism or via a cPLA-2/COX-2/PGI~2~/IP Receptor, Autocrine Loop
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Endothelin-1 plays a key roles in inflammation, vascular homeostasis/remodeling angiogenesis, and cancer progression and many of these functions are regulated by changes in cAMP ([@B28], [@B29]) or intracellular calcium ([@B30]). As there are many genes whose promoters possess CRE control elements ([@B31]), we wished to characterize those genes that are CRE dependent and activated by ET-1. HPASMC were treated with ET-1 for 2 h and 1st strand cDNA synthesized, from the extracted RNA was used as a probe against the SuperArray "CRE array." Control un-stimulated 1st strand was synthesized in the same manner from an equal number of cells. Screening of both probe sets against the CRE arrays revealed that at least five gene transcripts were up-regulated by ET-1 namely, amphiregulin, follistatin, COX-2, inhibin-β-A, and *CYR61* ([Fig. 5](#F5){ref-type="fig"}*A*), ET-1 induced increases in mRNA was confirmed by Q-PCR against cDNA synthesized from total RNA extracted from HPASMC treated with ET-1 for various times ([Fig. 5](#F5){ref-type="fig"}, *A--F*). Amphiregulin is a member of the EGF family of growth factors ([@B32]) a potent smooth muscle mitogen ([@B33]) that can undergo transcriptional co-induction with other members of the *EGF* family ([@B34]). To determine whether other members of the EGF family were also induced by ET-1 we designed PCR primers for EGF, transforming growth factor α, betacellulin, epiregulin, and *HB-EGF* and performed Q-PCR. Two other EGF family members, epiregulin and *HB-EGF*, were both induced by ET-1 ([Fig. 4](#F4){ref-type="fig"}, *G* and *H*). Collectively these studies show that the stimulation of vascular smooth muscle endothelin GPCRs causes a concerted increase in the transcription of genes whose proteins have roles in vascular homoeostasis ([@B9], [@B35]) and remodeling ([@B36], [@B37]), inflammation ([@B38]), and cancer ([@B39], [@B40]).

![**COX-2, amphiregulin, *CYR61*, follistatin, inhibin-β-A, epiregulin, and HB-EGF transcription are induced by ET-1 addition to HPASMC.** COX-2, amphiregulin, *CYR61*, inhibin-β-A, and follistatin genes were identified with a CRE gene array probed with biotin-UTP labeled 1st strand cDNA from HPASMC treated with ET-1 for 2 h (*A*). 5 μg of biotin-UTP labeled 1st strand cDNA was synthesized from total RNA derived from HPASMC serum starved for 24 h and either untreated or treated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 2 h. 2 "CRE gene" cDNA arrays were probed with each probe population with 5 gene cDNAs demonstrating increased hybridization on the ET-1 probe set. Regulation of transcription of amphiregulin (*B*), follistatin (*C*), inhibin-β-A (*D*), COX-2 (*E*), and *CYR61* (*F*), in response to ET-1, over a time course of 0, 2, 4, 8, and 24 h, was confirmed by Q-PCR against 1st strand cDNA derived from HPASMC treated with ET-1 (1 × 10^−8^ [m]{.smallcaps}). Primer sets for the EGF family of proteins (EGF, HB-EGF, epiregulin, betacellulin, and transforming growth factor α) were screened by Q-PCR against 1st strand cDNA derived from HPASMC treated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for a time course of 0, 2, 4, 8, and 24 h with reference to the β~2~-microglobulin gene cDNA, epiregulin (*G*) and *HB-EGF* (*H*) transcription is increased in response to ET-1. All measurements (apart from the original CRE array screen) represent the mean ± standard error of three independent experiments.](zbc0311023520005){#F5}

### 

#### ET-1-stimulated Increases in Amphiregulin, Epiregulin, Follistatin, and Inhibin-β-A mRNA Are COX-dependent, Whereas COX-2, HB-EGF, and CYR61 Induction Are COX-independent

To determine whether the ET-1-stimulated autocrine COX-2/PGI~2~ loop was involved in the induction of all or alternatively mediated the induction of a distinct set of genes, we pre-treated cells with the COX-2 inhibitor NS398 or the combined COX1/2 inhibitor indomethacin. Both inhibitors prevented ET-1 induction of a group of genes including, amphiregulin ([Fig. 6](#F6){ref-type="fig"}*A1*), follistatin ([Fig. 6](#F6){ref-type="fig"}*B1*), inhibin-β-A ([Fig. 6](#F6){ref-type="fig"}*C1*), and epiregulin ([Fig. 6](#F6){ref-type="fig"}*G1*). In contrast, neither NS398 nor indomethacin blocked ET-1 induction of *HB-EGF*, COX-2, or *CYR61* mRNA accumulation ([Fig. 6](#F6){ref-type="fig"}, *D1*, *E1*, and *F1*). To further validate the role of COX-2 in ET-1-induced gene expression, we transfected HPASMC with COX-2 siRNA and a negative control siRNA. Knockdown of COX-2 expression ([Fig. 6](#F6){ref-type="fig"}*D2*) resulted in the loss of amphiregulin ([Fig. 6](#F6){ref-type="fig"}*A2*), follistatin ([Fig. 6](#F6){ref-type="fig"}*B2*), inhibin-β-A ([Fig. 6](#F6){ref-type="fig"}*C2*), and epiregulin ([Fig. 6](#F6){ref-type="fig"}*G2*) but not the loss of *CYR61* ([Fig. 6](#F6){ref-type="fig"}*F2*) or *HB-EGF* ([Fig. 6](#F6){ref-type="fig"}*E2*) in response to ET-1 after 2 h.

###### 

**ET-1 stimulates two classes of transcripts, COX1/2 dependent and COX1/2 independent.** HPASMC were serum starved for 24 h. COX-2 inhibitor NS398 (1 × 10^−6^ [m]{.smallcaps}) or the COX-1/2 inhibitor indomethacin (1 × 10^−6^ [m]{.smallcaps}) were added for 30 min prior to ET-1 addition (1 × 10^−8^ [m]{.smallcaps}) for 2 h. Q-PCR was performed against 1st strand cDNA derived from treated cells with reference to the β~2~-microglobulin gene (β-*2MG*) cDNA. Q-PCR for amphiregulin (*A1*), Follistatin (*B1*), Inhibin-β-A (*C1*), COX-2 (*D1*), *HB-EGF* (*E1*), *CYR61* (*F1*), and epiregulin (*G1*). A role for COX-2 in ET-1-induced gene expression was confirmed with COX-2 siRNA and a negative control siRNA, after a 72-h transfection HPASMC were treated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 2 h. Q-PCR was performed against 1st strand cDNA derived from treated cells with reference to the β~2~-microglobulin gene (β-*2MG*) cDNA for amphiregulin (*A2*), Follistatin (*B2*), Inhibin-β-A (*C2*), COX-2 (*D2*), HB-EGF (*E2*), *CYR61* (*F2*), and epiregulin (*G2*). All ET-1-induced, COX1/2-dependent genes, amphiregulin (*H*), epiregulin (*I*), follistatin (*J*), and inhibin-β-A (*K*) undergo increased transcription in response to the addition of PGE~2~ or PGI~2~ analogue iloprost to HPASMC. HPASMC were serum starved for 24 h, then treated with ET-1 (1 × 10^−8^ [m]{.smallcaps}) (■), PGE~2~ (1 × 10^−6\ [m]{.smallcaps}^) (▴), [or iloprost]{.smallcaps} (1 × 10^−8^ [m]{.smallcaps}) (▾) in a time course of up to 24 h. Q-PCR was performed against 1st strand cDNA derived from treated cells with reference to the β~2~-microglobulin gene (β-*2MG*). All measurements represent the mean ± standard error of three independent experiments.
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#### The COX-dependent, ET-1-induced Gene Group Are Induced by Exogenous PGI~2~ Analogues or PGE~2~ Whereas the COX-independent Group Are Not

Parallel cultures of HPASMC were stimulated with iloprost (a PGI~2~ analogue), at 1 × 10^−6^ [m]{.smallcaps}, PGE~2~ at 1 × 10^−6^ [m]{.smallcaps}, or ET-1 at 1 × 10^−8^ [m]{.smallcaps} for 24 h. Q-PCR showed that amphiregulin ([Fig. 5](#F5){ref-type="fig"}*H*), epiregulin ([Fig. 5](#F5){ref-type="fig"}*I*), follistatin ([Fig. 5](#F5){ref-type="fig"}*J*), and inhibin-β-A ([Fig. 5](#F5){ref-type="fig"}*K*) mRNAs were all increased in response to PGI~2~ and PGE~2~. In contrast COX-2, *HB-EGF*, and *CYR61* mRNA were not increased by either iloprost or PGE~2~ (data not shown).

#### ET-1-stimulated Amphiregulin Protein Secretion Reflects mRNA Increases Induced by PGI~2~ and Stimulation of the IP Receptor

Because amphiregulin expression in vascular smooth muscle has not been characterized before we wished to confirm that ET-1 stimulated HPASMC PGI~2~ secretion was functionally coupled to amphiregulin protein secretion as well as amphiregulin transcription. To confirm the role of a COX-2-dependent autocrine loop.

HPASMC were pretreated with NS398 (1 × 10^−6^ [m]{.smallcaps}) or indomethacin (1 × 10^−6^ [m]{.smallcaps}) for 30 min prior to ET-1 addition for 24 h. Both COX inhibitors completely blocked amphiregulin secretion, whereas the iloprost-induced secretion of amphiregulin protein was unaffected ([Fig. 7](#F7){ref-type="fig"}*A*). HPASMC were pre-treated with the IP receptor antagonist RO3244794 (1 × 10^−6^ [m]{.smallcaps}), EP~1~/EP~2~/EP~3~ antagonists AH6809 (1 × 10^−6^ [m]{.smallcaps}), or the EP~4~ antagonist L161982 (1 × 10^−6^ [m]{.smallcaps}), stimulated with either ET-1 (1 × 10^−8^ [m]{.smallcaps}) or iloprost (1 × 10^−6^ [m]{.smallcaps}) for 24 h and the supernatants were assayed for amphiregulin. Neither EP receptor antagonists at high concentrations (1 × 10^−6^ [m]{.smallcaps}) inhibited ET-1- or iloprost-induced amphiregulin secretion, whereas the IP receptor antagonist inhibited all ET-1-induced amphiregulin secretion and close to 50% of the iloprost-induced AR secretion (possibly a reflection of R03244794 competitive antagonism reaching the effective limit with iloprost but not with a potentially much lower concentration of native secreted PGI~2~ induced by ET-1) ([Fig. 7](#F7){ref-type="fig"}*B*). These observations were further confirmed with inhibition of amphiregulin secretion by a concentration range of R03244794 prior to 24 h stimulation with either a single concentration of iloprost or ET-1 ([Fig. 7](#F7){ref-type="fig"}*C*) or by the concentration-dependent dextral shift of an iloprost-induced amphiregulin concentration-response curve, by RO3244794 ([Fig. 7](#F7){ref-type="fig"}*D*).

![**Amphiregulin protein secretion from HPASMC is COX-2 dependent.** HPASMC were treated with NS398 (1 × 10^−6^ [m]{.smallcaps}) or indomethacin (1 × 10^−6^ [m]{.smallcaps}) for 30 min prior to 24 h with ET-1 (1 × 10^−8^ [m]{.smallcaps}) or iloprost (1 × 10^−8^ [m]{.smallcaps}) then the culture supernatants were analyzed by ELISA for amphiregulin (*A*). Endothelin-1 and iloprost induction of amphiregulin protein secretion from HPASMC are inhibited by the IP receptor antagonist RO3244794 but not the EP~4~ antagonist L161982 or the EP~1~, EP~2~, and EP~3~ antagonist AH6809. HPASMC were treated with RO3244794 (1 × 10^−6^ [m]{.smallcaps}), L161982 (1 × 10^−6^ [m]{.smallcaps}), or AH6809 (1 × 10^−6^ [m]{.smallcaps}) for 30 min prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}) (*open bars*) or iloprost (1 × 10^−8^ [m]{.smallcaps}) (*closed bars*) for 24 h prior to amphiregulin ELISA of the culture supernatants (*B*). Endothelin-1 and iloprost induction of amphiregulin protein secretion from HPASMC are concentration dependently inhibited by the IP receptor antagonists RO3244794. HPASMC were treated with a concentration range of RO3244794 for 30 min prior to addition of ET-1 (1 × 10^−8^ [m]{.smallcaps}) (■) or iloprost (1 × 10^−8^ [m]{.smallcaps}) (▴) for 24 h, culture supernatants were analyzed by ELISA for amphiregulin (*C*). R03244794 will cause a dextral shift in the iloprost-induced amphiregulin concentration-response curve from HPASMC. HPASMC were treated with a range of RO3244794 (1 × 10^−9^ [m]{.smallcaps}, □; 1 × 10^−7^ [m]{.smallcaps}, ▾; 1 × 10^−6^ [m]{.smallcaps}, ▴) or vehicle control (■) for 30 min prior to the addition of a concentration range of ET-1 (1 × 10^−5^ to 1 × 10^−11^ [m]{.smallcaps}) at each RO3244794 concentration, the 24-h culture supernatants were analyzed by ELISA for amphiregulin (*D*). All measurements represent the mean ± standard error.](zbc0311023520007){#F7}

To confirm the role of the IP receptor in ET-1-induced gene expression, IP receptor siRNA and a negative control siRNA were transfected into HPASMC ([supplemental Fig. S1*A*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)). IP receptor siRNA blocked ET-1-induced amphiregulin ([supplemental Fig. S1*B*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)), Inhibin-β-A ([supplemental Fig. S1*C*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)), epiregulin ([supplemental Fig. S1*D*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)), follistatin ([supplemental Fig. S1*E*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)) but not ET-1-induced COX-2 ([supplemental Fig. S1*F*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)), *HB-EGF* ([supplemental Fig. S1*G*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)), and *CYR61* ([supplemental Fig. S1*H*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)).

#### ET-1 Induces Remodeling Gene Expression via Interacting Calcium-dependent and cAMP-dependent Signaling Pathways

We have established that ET~a~ receptor-induced cAMP synthesis is via a PGI~2~/IP receptor-dependent autocrine loop and the consequences for transcription regulation of a group of vascular remodeling genes is the PGI~2~/cAMP-dependent induction of amphiregulin, epiregulin, follistatin, and inhibin-β-A. Because the ET~a~ receptor can couple to intracellular calcium store release via the Gα~q~/phospholipase C/DAG pathway we studied the interplay between calcium-dependent pathways and the COX-2/PGI~2~/IP receptor pathway. We found that the ET~a~-dependent regulation of all induced genes were dependent upon intracellular calcium release as pre-treatment of HPASMC with the cell permeant calcium chelator BAPTA-AM ([@B41]) blocked ET-1-induced COX-2, *CYR61*, *HB-EGF*, amphiregulin, epiregulin, inhibin-β-A, and follistatin expression ([Fig. 8](#F8){ref-type="fig"}*A*). However PGI~2~-induced transcription of the COX-2-dependent genes amphiregulin, epiregulin, inhibin-β-A, and follistatin was insensitive to BAPTA-AM preincubation. We found that ET-1 can induce intracellular calcium release in HPASMC ([Fig. 8](#F8){ref-type="fig"}*C*) and that the ET~a~-specific antagonist BQ123 had the greater ability to block ET-1-induced intracellular calcium accumulation ([Fig. 8](#F8){ref-type="fig"}*D*). To further explore the calcium regulatory pathways we studied the effect of a number of inhibitors of different calcium regulatory processes on intracellular calcium and on expression of the calcium-regulated genes. ET-1-induced \[Ca^2+^\]*~i~* was not inhibited by selective L-type voltage-operated calcium channel (VOCC) blockade by nicardipine, N-type VOCC blockade by ω-conotoxin GVIA, combined N/P/Q VOCC blockade by ω-conotoxin MVIIC, or N/P-type VOCC blockade by ω-agatoxin IVA nor the phospholipase C inhibitor U73122 suggesting that L/N/P/Q channels were not involved nor was phospholipase C-regulated intracellular IP~3~ generation and release of calcium from internal stores.

###### 

**ET-1/ET~a~ receptor-stimulated intracellular calcium release is required for COX-2 independent, ET-1-induced gene expression but not for PGE~2~- or iloprost-induced gene expression.** HPASMC were treated with inhibitor and agonist combinations and Q-PCR were performed against 1st strand cDNA synthesized from total RNA with primer sets for each gene. *A*, COX-2, *CYR61*, *HB-EGF*, amphiregulin, epiregulin, inhibin-β-A, and follistatin gene expression are induced by ET-1 (1 × 10^−8^ [m]{.smallcaps}) (0 h, *open bar*; 2 h, *black bar*) and blocked by BAPTA-AM (5 × 10^−5^ [m]{.smallcaps}) preincubation for 30 min (*spotted bar* for 0 h and *gray bar* for 2 h post-ET-1 addition). *B*, amphiregulin, epiregulin, Inhibin-β-A, and follistatin gene expression were induced by iloprost (1 × 10^−8^ [m]{.smallcaps}) after 2 h (*black bar*) but not inhibited by preincubation with BAPTA-AM (*gray bars*) after 2 h. All measurements were performed with reference to the β~2~-microglobulin gene (β-*2MG*). All measurements represent the mean ± S.E. of three independent experiments. ET-1 induces intracellular calcium accumulation by stimulating the ET~a~ receptor. HPASMC were incubated with Fluo-4-AM for 30 min with inhibitor or antagonist prior to ET-1 addition followed by measurement of Ca^2+^/Fluo-4 fluorescence. Data are the difference between minimum and maximum fluorescence response for each treatment. *C*, there is a concentration/response relationship between ET-1 and the calcium intracellular accumulation. *D*, the ET~a~-specific antagonist, BQ123, and the dual ET~a~/ET~b~ antagonist, bosentan, block ET-1-induced calcium accumulation. ET-1-induced intracellular calcium accumulation and consequent COX-2 gene expression are dependent upon extracellular calcium and the activity of T-type voltage-operated calcium channels. *E*, the intracellular calcium chelator, BAPTA-AM (5 × 10^−5^ [m]{.smallcaps}), the N and T-type voltage-operated calcium channel inhibitor, Mibefradil (4 × 10^−5^ [m]{.smallcaps}) decrease ET-1-induced intracellular calcium accumulation in HPASMC. The phospholipase C inhibitor U73122 (1 × 10^−5^ [m]{.smallcaps}), L-type voltage-operated calcium channel inhibitor nicardipine (4 × 10^−5^ [m]{.smallcaps}), N- and P-type voltage-operated calcium channel inhibitor ω-agatoxin-IVA (1 × 10^−8^ [m]{.smallcaps}), N-type voltage operated calcium channel inhibitor, ω-conotoxin-GVIA (1 × 10^−6^ [m]{.smallcaps}), and N/P/Q-type voltage-operated calcium channel inhibitor, ω-conotoxin-MVIIC (1 × 10^−6^ [m]{.smallcaps}) had no effect on ET-1-induced HPASMC intracellular calcium release. HPASMC were loaded with Fluo-4-AM and the relevant inhibitor for 30 min prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}). Measurements are a % of the maximum ET-1-induced response over basal fluorescence. ET-1-induced COX-2 (*F*) mRNA accumulation is inhibited by calcium chelation, BAPTA-AM, and blockade of T-type voltage-operated calcium channels (no nicardipine block, effective mibefradil block). HPASMC were pretreated with identical concentrations of calcium metabolism inhibitors as in *E*, for 30 min, prior to stimulation with ET-1 (1 × 10^−8^ [m]{.smallcaps}) for 2 h. Gene expression was assessed by Q-PCR of the 1st strand cDNA with comparison to the β~2~-microglobulin gene. All measurements represent the mean ± standard error of three independent experiments. Schematic representation of the interdependent calcium and cAMP second-messenger pathways, linking ET-1 and CRE activity in HPASMC (*G*).
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In contrast the dual blocker of L-type and T-type VOCC Mibefradil at micromolar concentrations ([@B42]), markedly reduced ET-1-induced \[Ca^2+^\]*~i~* ([Fig. 8](#F8){ref-type="fig"}*E*). As the L-type blocker nicardipine was without effect this suggests that calcium entry through T-type channels is the main source of the increase in intracellular calcium. Consistent with this mibefradil was the only inhibitor that completely blocked COX-2 expression ([supplemental Fig. S1*F*](http://www.jbc.org/cgi/content/full/M110.139485/DC1)). Other calcium-regulated genes such as *HB-EGF* and *CYR61* expression showed a similar inhibitory pattern (data not shown).

DISCUSSION
==========

There are a number of important novel findings in our study. We found that ET-1 induces expression of vascular remodeling and angiogenic genes via two interlinked pathways. One pathway involves cPLA2 and COX-2 generation of prostacyclin and IP receptor-mediated elevation of cAMP. Epiregulin, amphiregulin, follistatin, and inhibin-β-A are regulated in this manner. The other pathway is a COX-2 activity independent, calcium-dependent pathway. COX-2 itself, *CYR61* and *HB-EGF* are regulated by this latter pathway. Furthermore, ours is the first report of ET-1 causing induction of amphiregulin, a member of the EGF family of growth factors, in any biological system. Collectively these studies give important insights into the upstream signaling mechanisms used by GPCR-linked mediators such as ET-1, to activate CRE response genes involved in angiogenesis, vascular remodeling, inflammation, and carcinogenesis.

We found that the ETa receptor was the main ET-1 receptor mediating the effects in our experiments. Previous investigators have shown that ET~a~ receptors predominate on vascular smooth muscle cells ([@B43], [@B44]) and that the ET~a~ receptor couples to increased intracellular calcium via elevated phospholipase C activation by Gα~q~ ([@B45]). There are observations of ET~a~ coupling to cAMP production or cAMP-dependent mechanisms in vascular smooth muscle ([@B28], [@B29]) although in the second study the elevation of PKA activity was measured and not the production of cellular cAMP. Eguchi and co-workers ([@B28]) have demonstrated that there is a predominance of ET~a~ receptor and that the production of cAMP in the rat vascular smooth muscle was direct and not dependent upon cyclooxygenase activity. Our studies showed that the ratio of ET~a~ to ET~b~ receptor is indeed high in human pulmonary artery smooth muscle cells and that the addition of ET-1 results in rapidly elevated cAMP, blocked more effectively by the ET~a~-specific antagonist BQ123 than the ET~b~-specific antagonist BQ788.

Previous studies in airway smooth muscle cells involving bradykinin and the BK~1~ receptor, have demonstrated a link between a Gα~q~-linked receptor, regulation of COX-2 expression, and the production of PGE~2~ leading to stimulation of Gα~S~-linked EP receptor increasing cAMP synthesis ([@B46]). The parallel observation of ET-1 and ETa coupling to cAMP synthesis prompted us to look for a COX-2-dependent autocrine loop, we therefore went on to study the role of endogenous prostanoids in cAMP generation produced by ET-1. We found that ET~a~-dependent increases in cAMP production were almost completely blocked by the COX-2 selective inhibitor NS398. These observations imply that there is COX-2-dependent mechanism for ET-1-induced cAMP synthesis. We hypothesized that an eicosanoid-dependent autocrine loop exists in vascular smooth muscle dependent upon ET~a~ and COX-2 activity. Evidence to support this hypothesis is 3-fold. We found that COX-2 gene transcription and protein production were rapidly up-regulated in response to ET-1, HPASMC had the elevated arachidonic acid release in response to ET-1, and PGI~2~ was secreted in response to ET-1. In a final observation to establish that the ET-1 to PGI~2~ autocrine loop is functionally coupled in HPASMC, we demonstrated that ET-1-increased cAMP synthesis was blocked by the IP receptor antagonist RO3244794 ([@B22]) but not by the EP1/EP2 antagonist AH6809 ([@B47]) or EP~4~ selective antagonist L161982 ([@B48]). This suggests that ET-1 acts on ET~a~ receptors to mobilize arachidonic acid, which is subsequently converted to PGI~2~ via COX-2 and that this then acts in an autocrine manner on IP prostanoid receptors to increase cAMP. Although there was an increase in both COX-1 transcription and protein accumulation in response to ET-1 ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*) the selective COX-2 inhibitor NS398 ([@B20]) blocks all ET-1 induced PGI~2~ synthesis, all cAMP accumulation, and the ET-1-induced activation of the 6xCRE-luciferase reporter, indicating that in this system the slight increase COX-1 expression does not have a role in the rapid coupling of the ET-1-induced PGI~2~ production ([Fig. 3](#F3){ref-type="fig"}*C* at 2 h) or the continued synthesis of PGI~2~ at later time points ([Fig. 3](#F3){ref-type="fig"}*C* at 8 h). The potential long term role of COX-1 induced by ET-1 beyond the 8-h period remains to be studied.

Previous studies have shown that ET-1 can increase PGI~2~ release and have studied the receptor involved but have not linked this to cAMP generation and activation of CRE-dependent genes. These studies show that ET~a~ and ET~b~ mediate PGI~2~ generation differently in different tissues. For example, in endothelial cells Matsuda *et al.* ([@B49]) demonstrated that COX-dependent PGI~2~ release from vascular endothelial cells is via the ET-1-stimulated ET~b~ receptor. ET-1 has been shown to increase PGI~2~ in several organ systems. For example, ET-1 increased PGI~2~ in the whole lung or kidney was blocked by the ET~a~ agonist BQ123, implying that PGI~2~ is increased by ET~a~ stimulation ([@B50]). Similar findings were reported in perfused rabbit kidney with BQ132 blocking ET-1-induced PGI~2~ release ([@B51]). In contrast ET~b~ receptor stimulation mediated PGI~2~ synthesis and NO release in guinea pig aorta ([@B49]), rat cerebral basilar artery ([@B52]), or rat carotid artery ([@B53]).

We then studied the role of the ET~a~-mediated changes in cAMP on the induction of remodeling genes. A number of important genes have CRE response elements in their promoters ([@B27]). Increases in intracellular calcium and cAMP can lead to elevated phosphorylation and activation of CREB and as a consequence binding to and activation of CRE elements ([@B54], [@B55]). We first showed that ET-1 could increase the activity of a transiently transfected CRE luciferase reporter, suggesting that the changes in cAMP induced by ET-1 were sufficient to stimulate CRE response elements on native genes. As with iloprost-stimulated increases in cAMP, CRE activation was also increased by iloprost. Few previous studies have looked at the CRE or *CREB* activation by ET-1. Egan and Nixon ([@B56]) showed that CREB activation by ET-1 is calcium dependent in rat neonatal vascular smooth muscle cells but did not study the role of cAMP or the possible linking of calcium and cAMP signaling by an autocrine loop dependent upon COX-1/2 activity.

We then used an array method to identify genes that were up-regulated by ET-1. Because we had established that endothelin-1 can increase CRE activity in HPASM cells we chose a "functional" array whose cDNAs were derived from genes with known CRE elements in their promoters or the recorded ability to respond to increases in intracellular calcium. Screening of an array of 96 genes in response to ET-1 yielded 5 genes that were up-regulated by at least 2-fold over basal or control, namely amphiregulin, follistatin, COX-2, inhibin-β-A, and *CYR61*. Amphiregulin is a member of the EGF-related family of growth factors and because members of the *EGF* family are often co-expressed ([@B34], [@B57]) we also measured the expression of other EGF family members ([@B32]) and found that ET-1 increased the mRNA expression of epiregulin and HB-EGF. Although there have not been previous studies to establish the role of a functional CRE in the epiregulin promoter, epiregulin transcription responds to elevated cAMP in human ovarian follicular cells ([@B58]) and PGE~2~-induced amphiregulin and epiregulin mRNA expression in human granulosa cells are blocked by PKA inhibitors ([@B59]). Both studies imply a role for a cAMP responsive mechanism in the epiregulin promoter. Again for *HB-EGF* there is no characterized CRE promoter element and the mechanism by which ET-1 increases *HB-EGF* transcription remains to be explored. We then confirmed that the genes identified in the array were up-regulated with Q-PCR and in the case of amphiregulin both Q-PCR and ELISA. We then determined whether or not the COX-2/PGI~2~ autocrine loop was involved in their mRNA expression by inhibiting cyclooxygenase activity during an ET-1 time course or by stimulating expression directly with iloprost. We found that ET-1 induction of amphiregulin, epiregulin, follistatin, and inhibin-β-A mRNA were COX dependent and iloprost induced, whereas ET-1-induced expression of *HB-EGF*, COX-2, and *CYR61* induction were COX independent as they were not inhibited by COX inhibitors nor stimulated by iloprost, these observations were confirmed by siRNA depletion of COX-2 and the IP receptor.

In addition to being activated by the cAMP/PKA/CREB, the CREs can be directly activated via Gα~q~/Ca^2+^-dependent signal transduction pathways ([@B60]). We therefore used the calcium chelator BAPTA-AM to determine whether the up-regulated genes were calcium dependent. We found that COX/PGI~2~-independent genes *HB-EGF*, COX-2, and *CYR61* were all calcium dependent. ET-1 induction of COX/PGI~2~-dependent genes amphiregulin, epiregulin, follistatin, and inhibin-β-A were also blocked by BAPTA-AM, however, their iloprost-induced expression was not. PGI~2~ release is dependent upon COX-2 synthesis of PGH~2~ from arachidonic acid released by ET-1-induced, calcium-dependent cPLA2 activity ([@B61]). Chelation of intracellular calcium by BAPTA-AM can prevent cPLA2 activation and the subsequent accumulation of PGI~2~ leading to decreased IP receptor-dependent gene expression. Because ET-1-induced \[Ca^2+^\]*~i~* plays such a central role in linking ET~a~ and IP receptor signal transduction in HPASMC we examined the mechanism of calcium release. Our results suggested that calcium entry through a T-type calcium entry channel was responsible for ET-induced rises in intracellular calcium and this was mirrored by studies of gene expression. This is consistent with the work of Rodman *et al.* ([@B62]) who demonstrate that T-type VOCC are expressed both in cultured HPASMC and in the smooth muscle of intact pulmonary artery and are involved in ET-induced functional cell responses. From our own observations, the ET-1-induced increase in \[Ca^2+^\]*~i~* is dependent upon T-type VOCC activity leading to calcium-dependent gene expression and cPLA2/COX-2-dependent synthesis and release of PGI~2~ leading to IP receptor activity with consequent gene expression. We have summarized these observations in [Fig. 8](#F8){ref-type="fig"}*G*.

In conclusion we have characterized the mechanisms leading to activation of CRE-dependent genes in pulmonary vascular smooth muscle and found that this occurs through interaction of calcium-dependent pathways and an autocrine COX-2/PGI~2~/IP receptor loop. We are the first to observe ET-1-dependent *HB-EGF* transcriptional regulation and the IP receptor co-regulation of epiregulin, amphiregulin, follistatin, and inhibin-β-A. These observations provide important information on how CRE-dependent remodeling genes are activated in vascular smooth muscle cells.
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